Similarity values based on 199 features of 88 strains of bacteria, including freshly-isolated strains of streptococci and named strains of the genera Streptococcus, Listeria, Microbacterium, Erysipelothrix, Brevibacterium and Arthrobacter, were analysed by single and complete linkage sorting programmes. It is concluded that Erysipelothrix, Listeria and strains currently known as Microbacterium thermosphactum show closer relations to the family Lactobacillaceae than to the other representatives of the family Corynebacteriaceae here examined.
INTRODUCTION
All information is grist to the taxonomic mill. The modem mill is the computer and as long as the data are relevant and comparative and the programming adequate, digestion of data can occur and synthesis of taxa follow. This is the basis of numerical taxonomy. As currently practised, it is essentially an extension of old-fashioned taxonomy whereby phenotypic data in large volumes are sorted impartially by mechanical means.
The aim of the present work was to see whether numerical analysis of data relating to a large number of phenotypic features could contribute anything new to the question of the generic relations of Listeria. This genus is currently classified in the family Corynebacteriaceae with the genera Corynebacterium, Erysipelothrix, Microbacterium, Cellulomonas and Arthrobacter. It is monospecific and the biological characters and significance of the species Listeria monocytogenes were reviewed by Gray & Killinger (1966), who pointed out that although various strain to strain differences have been reported, for practical purposes the species is divisible into four serological groups and 11 serotypes on somatic and flagellar antigens. Reports of antigenic cross-reactions between Listeria serotypes and various Gram-positive and Gram-negative bacteria, notably staphylococci and streptococci, which led to suggestions of intergeneric relations and complicated the serological diagnosis of Listeria infections, are now generally considered to result from the sharing of common antigens (see for example Neter, Anzai & Gorzyniski, 1960) . These and other considerations led to the studies of Hartwigk (1958) and Robin & Magard (1960) in which cultural and physiological comparisons were made between Listeria and possibly related (or diagnostically confusing) bacteria such as streptococci (pyogenic and faecal), corynebacteria and Erysipelothrix. Relationship to the family Lactobacteriaceae has also been suggested on metabolic grounds (Miller & Silverman, 1959) . In a preliminary study in this (Davis & Newton, 1969) a single strain of Listeria monocytogenes showed highest similarity to a group of strains isolated from beef stored at low temperature (Weidemann, 1965) and which closely resembled Microbacterium thermosphactum (McLean & Sulzbacher, I 953) . In the present work some of these points have been re-examined and the opportunity taken to apply numerical analysis methods to a group of freshly-isolated streptococci from the upper respiratory tract of man.
METHODS

(a) Strains examined
Of the 88 strains used, 54 were obtained as named cultures and their details are shown in Table I . The remaining 34 were isolated immediately prior to the study from nose, throat and saliva cultures on Mitis Salivarius agar (Oxoid CM 157)~ h i d e Blood agar (Oxoid CM 259), Tween-carbonate agar (Burkwall & Hartman, 1964) and blood agar (Cruickshank, 1965) . Colonies were picked at random, subcultured, purified and labelled 'Streptococcus ' sp. if they exhibited the characteristic morphology in Gram-stained smears. The following strain numbers were allotted to these presumptive streptococcal cultures: S I , s9, SIO/I, s10/2, s12, s13, s14, s15, s18, sr9, S24, S25, s27, ~2 8 , s30, s32, ~3 9 , ~4 2 , s46, s50, s52, s53, s55, 5 6 , s59, s61, 562, s64, s65, s67, s75, s78, s8o, s83.
(b) Strain growth and maintenance
A l l strains grew satisfactorily on the following TY base medium, Tryptone (Difco), I % (w/v); yeast extract (Difco), 0.5 % (w/v); sodium chloride, 0.5 % (w/v); pH 7-2.
Many strains grew better on TY medium plus glucose 0.2% (w/v) and K2HP04, 0.5% (w/v), designated TYGP medium. For solid media 105% (w/v) Oxoid Agar No. 3 (Oxoid L 13) was added. Media were sterilized by autoclaving at 121' for 15 min. All strains were stored at 4" on slopes of Oxoid Blood agar base No. 2 enriched with 5% (v/v) sterile horse serum. In addition all strains were lyophilized.
Preliminary tests showed that the strains marked with an asterisk in Table I grew better at 28", the remainder at 37", and were grown at these temperatures unless stated otherwise.
(c) Data collection
I. Twenty strains, selected for their ability to grow at one of the specified growth temperatures (28' or 37"), were subcultured to TYGP broth and incubated 48 hr.
2. Broth cultures from I were streaked one per plate on TYGP agar and incubated 48 hr. After confirming colonial purity by using a stereomicroscope each strain was subcultured to TYGP broth and incubated 24 hr (see 3 below). The agar cultures were then used to record the following (numbers in parentheses indicate the number of features recorded) : diameter of discrete colonies (3) ; margin character (3) ; consistency character (4); colonies adherent (I); colony elevation (2). Smears were stained by Gram's method, from these were recorded: Gram reaction (I); cocci present (I); regular or irregular rods (coryneforms) present (2) ; filaments or branching present (2) ; chain or palisade arrangement (2). Growth from the same cultures was tested for catalase activity by smearing on a clean slide and adding one drop of 10 vol. H202, and for oxidase activity by Kovacs's (1956) method; both activities were recorded as Numerical taxonomy of Listeria 3. The following characters were recorded from 24 hr TYGP broth cultures (see 2 above) : uniform turbidity (I) ; sediment (I) ; sediment granular, flocculent or mucoid (3). Hanging drop preparations were observed for motility (I). Gram-stained smears were observed for shape, cocci, regular or irregular rods, filaments, branching present (5); chain formation, usually over or under 30 cells/chain (2). Unless otherwise stated the following tests, 4 to 6 strains per plate, were made on TY agar inoculated from TYGP broth cultures, and read after 6 days of incubation. Gelatin hydrolysis (I), (Frazier, 1926) ; deoxyribonuclease activity (I) (Jeffries, Holtman & Guse, 1957) ; casein hydrolysis and solution (2) and milk hydrolysis and solution (2) (Baird-Parker, 1963) (BDH light white soluble casein and defatted fresh milk were the substrates). Tyrosine hydrolysis (I) with formation of brown diffusible pigment on tyrosine (I) after I 2 days, and xanthine hydrolysis (I), at I 2 days (Gordon & Smith, 1955); clearing, opacity, pearly layer and copper sulphate reaction on egg-yolk agar (4), lecithinase activity (I), and tributyrin hydrolysis (I), (Willis, 1960) ; hydrolysis of Tween 20,40,60 and 80 (Sierra, 1957), weak or strong (8); oxidation of calcium lactate to carbonate (I), (Shimwell, Carr & Rhodes, 1960) ; salicylate hydrolysis (I), Tsukamura, 1965) after 12 days; alginate (I), and chitin hydrolysis (I), (Skerman, 1967) using BDH granular chitin as source of colloidal chitin, observed at 12 days; starch hydrolysis (I), (Davis & Park, 1962) ; growth under hydrogen (I) using Baird and Tatlock cold-catalyst anaerobic jars ; sensitivity to penicillin, streptomycin, erythromycin, chloramphenicol, tetracycline, oleandomycin, novobiocin (7) on TYGP agar after 2 days with Oxoid Multodisk No. 11-14C; neutral red test (I), (Cann & Willox, 1965) ; phosphatase and arysulphatase activity(2), on TY agar plus I ml./Ioo ml. of I yo (w/v) filter-sterilized substrate solution, tested at 6 days by flooding growth with I 5 % (w/v) aqueous sodium carbonate. Growth with 0~0002,o-ooo1 and 0~00005 yo (w/v) crystal violet (3); 0.1 and 0.5% (w/v) thallous acetate (2); 0.01, 0.05, 0.1 and 0-2 % (w/v) sodium azide (4); I % (w/v) sodium tauroglycocholate (I); 0.05 and 0.1 % (v/v) Teepol (2), (BDH 610); 2,4, 6 and 8 yo (w/v) sodium chloride (4); 0.01, 0.05 and 0.25 % (w/v) potassium tellurite (3) (BDH Analar); o~oo1,0~005, 0.01 and 0.05% (w/v) triphenyl-tetrazolium-chloride (TTC) (4). Reduction of 0.01 and/or 0.05 % (w/v) TTC (I); growth in 48 hr in the dark after exposure to a standard 15 watt U.V. tube at 24 in. for I, 2, 3, 4 and 5 min. (5); growth and characters on Mitis salivarius agar (Oxoid CM 157) (5); growth on Tween-carbonate agar (Burkwall & Hartman, 1964) (I); growth and haemolysis on a i d e blood agar (Oxoid CM 259) (3).
4. Approximately 10 days after these tests fresh inocula were grown in TYGP broth for all except carbohydrate fermentation tests, which were inoculated with a celI suspension in phosphate buffered saline (Cruickshank, 1965) . With a few exceptions, e.g. Hugh and Leifson test, Thornley's arginine, etc., tests were made in 2 to 3 ml. of substrate media in 3 x 3 in. tubes, and unless otherwise indicated were read after 6 days.
Hippurate hydrolysis (I), (Hare & Colebrook, 1934) ; Stern's glycerol fuchsin test (I), (Cruickshank, 1965) ; aesculin hydrolysis (I), (Davis, 1955) ; gluconate oxidatipn (I), (Shaw & Clarke, 1955); final pH and acetoin production (Barritt, 1936) 1966) . Media for these sugar tests were sterilized by flash autoclaving at 121" and sugar-free controls were inoculated for each strain (43). Horse blood haemolysis around submerged colonies was recorded as beta, alpha or alpha prime (3) in Oxoid Blood agar base No. 2 plus 5 % horse blood (Brown, 1919 ).
(d) Duplication of data collection
Approximately 20% of strains were run through the test procedure twice, in some cases to test the veracity of the results; in others strains were stored frozen in glycerol for several months before retesting; in others strains were retested at different incubation temperatures. Preliminary analyses with these duplicates showed that although differences in S values occurred they were usually minor. The following examples have been included in this report: 91A and ~I B ; 187 and 187D; these were straight duplications; 341X, 338X, 335X, 342X, 337X, 336X and 334X were the Listeria strains (see Table I ) of those numbers tested at 28" instead of 37".
(e) Data analysis
Every character was coded as a simple plus or minus, with no effort to reduce weighting by non-additive coding of quantitative character states. The data were analysed using two programmes written for the G.E. 225 computer (University of Queensland Centre) by Miss E. Szabo of this department. Both programmes calculated the strain similarity values using the simple matching coefficient of Sokal & Sneath (1963) but differed in that one performed cluster analysis by the single linkage method and the other by the complete linkage method. The latter was stopped after 80 min. on the computer and had not achieved a complete sort in that time. 
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RESULTS
Dendrograms showing cluster (phenon) formations by single and complete linkage analyses of the 97 operational taxonomic units (0.t.u.) (88 strains and 9 duplications) are shown in Fig. I and 2 . Ignoring strain 96, which clustered poorly, single linkage analysis indicated two major phenons at the 78% S level. The smaller of these (phenon 2, Fig. I) had strains labelled by five generic names, and apart from the separation of four 0.t.u. in subphenon 2J little of significance can be said about them. Except for strains 2 and 96, strains bearing the same specific epithet clustered together but at relatively low % S levels. Duplicates of Brevibacterium sociovivum ( 9 1~ and 9 1~) showed the highest similarity of any pair of 0.t.u. in this phenon (90%).
Phenon I in Fig. I marked X, indicating that they were duplicates tested at 28", clustered together and not with their respective duplicate 0.t.u. tested at 37". The Streptococcus 0.t.u. were further divisible into three major and two minor clusters. The best defined of these contained 16 0.t.u. clustered at 96% S (phenon 11, Fig. I) ; it included the named strain of S. faecalis (S 185) and is considered to represent that species. Although the three 0.t.u. in subphenon I H, Fig. I included the named strain of S. mitis (s 188) the over-all characters of the cluster indicated that it probably represented S. faecium.
Cluster IG included the five 0.t.u. labelled as members of the 'pyogenic' section of the genus Streptococcus plus nine fresh isolates and was tentatively recognized as representing the ' pyogenic streptococci '. Similarly cluster I F was tentatively considered to include seven 0.t. u. (s14, 53, 15, 13, 24, 59, 397) which could be called 'viridans streptococci' and two 0.t.u. (~1 9 3 and 61) that clustered peripherally with them. These two clusters (IG and I F) both formed at the 88% S level, and fused to form a single cluster at the 86% S level. This was the same S level at which clusters 11 and IH, representing the enterococci, fused to form a single cluster. The remaining two (cluster I D) linked with the streptococci at the 82 % S level, followed by the Listeria cluster at 80 yo S and the Microbacterium thermosphactum and Lactobacillus 0.t.u. at 78% S.
In the complete linkage analysis (Fig. 2) five distinct clusters are discernible.
Phenon I, with its two subclusters A and By is exactly equivalent to the enterococcus clusters in the single linkage analysis (11 and H, Fig. I) . We assume that the apparent separation of this streptococcal cluster from the rest of the streptococci in this figure is an artifact caused by the incomplete nature of the complete linkage analysis (see Methods, section e). Phenon 4G in Fig. 2 represents the Microbacterium thermosphactum/LactobacilZw cluster seen in Fig. I as phenons I A and B. Similarly phenons 4H and I in Fig. 2 are equivalent to phenon I C in Fig. I , with the separation of 0.t.u.  338, 335, 337, 209, 336, 334, 340 and 339 (phenon 4H, Fig. 2) from the remaining Listeria 0.t.u. rendered more apparent. Phenons 2 and 3 in Fig. 2 embrace 22 of the 23 0.t.u. clustered in phenon 2 in Fig. I but with (22) were brought together with the two strains of Kurthia zopJii (28 and 29) to form a distinct phenon; the four strains of B. linens clustered more compactly as also did the three Brevibacterium strains numbered 92, 93 and 94. Subphenon 2D in Fig. 2 included six strains of Microbacterium lacticum, two duplicate 0.t.u. labelled B. sociovivum and two labelled Cellulomonas biazotea. Phenon 5 in Fig. 2 also showed some resorting of 0.t.u. when compared with the equivalent phenons in Fig. I . Thus, the four Erysipelothrix 0.t.u. were more intimately clustered with the streptococci (5K, Fig. 2) with streptococcal strains s61 and s39 being moved from their single linkage clusters to a new association. Strains s 18 and s 192 (I E in Fig. I) were redistributed. The seven 0.t.u. considered as viridans streptococci in phenon IF, Fig. I were more clearly demarcated (5M, Fig. 2 ) and the 14 0.t.u. of phenon IG in Fig. I (pyogenic streptococci) were resorted rather drastically into phenons 5 J, K, L and N in Fig. 2 . It was noticeable that in neither analysis were the two strains labelled Streptococcus Zactis (s 193) and S. cremoris (s 192) clearly separated as a distinct phenon.
DISCUSSION
In general the results confirmed that the BrevibacteriumlArthrobacterlCellulomonasl Microbacterium lacticum strains formed a related if heterogeneous phenon, as reported by Davis & Newton (1969) (1966) refer to a number of reports suggesting biochemical, physiological and morphological (rough/smooth) subdivision of strains of Listeria, but we were not able to connect the division shown in Fig. 2 into phenons 4 H and 41 with these reports or with the serological data available for our 0.t.u. We suspect that the division may be an artifact because the 0.t.u. in phenon 4H were tested early in the study while 10 of the 0.t.u. in phenon 41 were tested in two later groups. However 0.t.u. 341 in phenon 4J was tested at the same time as those in 4H but did not cluster with them.
Having introduced the possibility that phenon formation in numerical analysis may be influenced by factors such as the ones just mentioned we can sympathize with those who have decried numerical taxonomy as tedious, indirect and inaccurate. As it is currently practised numerical taxonomy consists of the subjective interpretation of objective analyses of subjective data. By far the weakest links in the chain occur in the data collection area and such weaknesses are only rarely referred to in published work, e.g. Focht & Lockhart (1965) ; Goodfellow (1967). To take Goodfellow's example, growth at optimal conditions can only be established by basic research and is a near impossible criterion to attempt. In studies on diverse bacteria the best that can be done is to limit arbitrarily the known variations in 0.t.u. comparison as, for example, phenons (cf. Fig. 2 to normal growth temperature. Without this certain 0.t.u. would not have grown. We recognized that the conditions were certainly not optimal (even for growth) of some strains such as Erysipelothrix, and may have influenced the formation of the phenon labelled 5K in Fig. 2 , which is an obvious hybrid. The problem of timing tests is another example of the difficulties faced. For purely practical reasons we prefer to test a few strains by all the tests at one time rather than test all the strains in a few tests. Each alternative has its disadvantages; in the former there is danger of unconscious test variation and in the latter of undetected strain variation. To use a mixture of these alternatives has the disadvantages of both and arrangements should be designed to avoid it. Other problems of data collection include the need to select a wide range of characters without undue weight on any one aspect and without duplication of characters. The data recorded included 34 features based on morphology, 113 on enzymatic reactions, and 52 on tolerance and growth characters. In retrospect the data on chemical tolerance may seem to be unduly weighted in favour of the enterococci and also, in view of the inclusion of negative matches in the similarity calculation, may have led to the confusion of phenons in the viridans/pyogenic/lactic streptococci. Feature duplication can be a subtle problem; for example haemolysis may relate to phospholipase activity, tolerance and growth characters can reflect enzymic characters such as catalase activity. In dealing with diverse groups of bacteria there is the problem of over-all relevance of features; it seems likely that some form of staged analysis will be needed to allow preliminary sorting but it will require to be done carefully if the benefits of numerical taxonomy are to be retained.
Gray & Killinger (1966) comment on the relationship between Listeria and Erysipelothrix; we agree that for diagnostic purposes it is a relatively simple matter to differentiate these genera (e.g. we have confirmed the report of Fuzi (1963) that Erysipelothrix tolerates up to IOO pg./ml. of neomycin whereas Listeria is inhibited by c. 2 pg./ml.) but our results indicate a relationship between these genera, and their retention in the same family is considered valid. ErysQelothrix showed closer similarity to the streptococci than did Listeria and its inclusion into an otherwise streptococcal phenon (5K) in Fig. 2 is of interest (but see above). Preliminary attempts to analyse the cell walls of the Listeria and Erysipelothrix strains used were hampered by difficulties in preparing clean samples for hydrolysis; in particular, trypsin as a cleansing agent appeared to cause gross destruction of the Listeria cell wall fractions, and may be connected with the tryptic activation of autolysis in Streptococcus faecalis reported by Shockman, Pooley & Thompson (1967) . In both Listeria and Erysipelothrix our results indicated the presence of lysine, DL/DD diaminopimelic acid, aspartic acid and glycine and agreed with Tinelli's (1966) results for Listeria. Keeler & Gray (1960) did not detect lysine or glycine in Listeria. Diaminopimelic acid (DAP) does not occur in streptococci. We found that two strains of Microbacterium thermosphactum possessed DL/DD DAP but no lysine. The occurrence of DL/DD DAP in these bacteria and their other characters suggests possible relationship with Lactobacillus plantarum and/or Corynebacterium. Against this can be set a reported % GC ratio of 38 for Listeria, which is essentially the same as that found in most streptococci (Hill, 1966) . Clearly the problem of relationships between these genera is not yet solved.
Sherman (1937) recognized four species groups in the genus Streptococcus. In a numerical analysis Seyfreid (I 968) successfully differentiated named strains of enterococci, lactic and pyogenic streptococci into three phenons ; viridans streptococci were not included. In our analysis we consider phenons I A and B in Fig. 2 to represent the 'enterococci' of Hartman, Reinbold & Saraswat (1966) with the larger phenon (I A) as S. faecalis and the smaller (IB) as S. faecium. Differentiation of the remaining. streptococci is much less easy, except that phenon 5M, Fig. 2 represents S. 
salivarius.
In general it appears that the more stringent analysis (Fig. 2) confuses rather than clarifies the groupings in phenons IF and IG of Fig. I . Our failure to separate the two cultures labelled S. cremoris and S. Zactis is difficult to explain, especially as these strains were tested at 28" while the other streptococci were tested at 37O; previous reports of aberrant lactic streptococci (if such they are) tend to reclassify them in the enterococcus group (see Deibel, Lake & Niven, 1963; Deibel & Silliker, 1963) ~ not with the pyogenic streptococci as the clustering in Fig. 2 suggests.
We have constructed Table 2 for those who, like us, regret the absence of data on actual features of the bacteria studied in published numerical analyses. This was done Numerical taxonomy of Listeria 345 by the simple sorting of the IBM cards bearing 0.t.u. data into the phenons shown in Fig. 2 Table 3 . were positive for that feature, they do not necessarily mean that all members of a phenon were negative. This table allows the more obvious features of the phenons to be recognized and in our opinion brings out some interesting details. Table 3 shows the results of simple manual classification of 41 of the streptococcal 0. t.u. based upon eight physiological characters plus Lancefield serological grouping. using antisera A, B, C, D and G; negative signs in Table 3 do not necessarily mean that group antigen was not present in those strains. The physiological tests selected for this analysis resemble some of the characters commonly used in 'diagnostic ' classifications of streptococci, e.g. Cowan & Steel (1965) ; Sharpe & Fryer (1966) . This weighted type of classification appears to achieve its purpose quite well. The groupings produced correlate better with the phenons formed by single linkage analysis of mass data (Fig. I) than with those produced by complete linkage analysis (Fig. 2) , especially in the lower half of the table (strain SIO/Z to ~1 7 9 ) .
The two strains labelled S. Zactis and S. cremoris (s192 and sIg3) are differentiated better in Table 3 than in either of the computer analyses. Strain s55 may represent an atypical enterococcus similar to those described by Kenner, Clark & Kabler (1960) although by computer analysis it appears to be more similar to the pyogenic streptococci.
In conclusion, we consider our results indicate that Erysipelothrix, Listeria and Microbacterium thermosphactum show closer phenotypical relations to the family Lactobacilleceae than they do to certain members of the family Corynebacteriaceae, e.g. Arthrobacter. Subdivision of the Listeria strains used was not achieved. Separation of the enterococci from the remaining streptocococci appeared to be relatively simple when compared with the more difficult task of separating the viridans streptococci (other than S. salivarim) from the pyogenic group.
